INTRODUCTION
Autophagy is a self-degradative process that is important for balancing sources of energy in response to limited nutrients or energy stress. This process starts with the nucleation of phagophores, which expand to double-membrane autophagosomes. These vesicles sequester cytosolic components, including damaged organelles and misfolded proteins. Autophagosomes then fuse and deliver cargo to the lysosome to be degraded into metabolites, which cells reuse to synthesize new macromolecules (Dikic and Elazar, 2018) . Autophagy is upregulated to promote cell survival during times of stress, including nutrient deprivation. In cancer, the pro-survival function of autophagy contributes to tumor growth under nutrient-deprived conditions and hypoxic microenvironments and also confers resistance to various drug treatments (Amaravadi et al., 2011; Guo et al., 2011; White, 2012; Yang et al., 2011) . Given its important role in cancer, autophagy is now considered a promising target to improve the efficacy of many anticancer treatments.
The activity of several oncogenes and tumor suppressors influence autophagy, in particular, the tumor protein 53 (p53, encoded by TP53). During acute cellular stress, such as DNA damage, p53 is stabilized and activated to promote cell-cycle arrest, senescence, or apoptosis (Bieging et al., 2014; Junttila and Evan, 2009; Lane, 1992; Vousden and Prives, 2009 ). The transcriptional activity of p53 is low under normal conditions with tightly controlled protein stability by the E3-ubiquitin ligase, murine double minute 2 (MDM2; HDM2 in humans), which ubiquitinates p53 for proteasome degradation (Kastenhuber and Lowe, 2017) .
HDM2 inhibitors have been developed to directly activate the tumor-suppressing activities of wild-type p53 (Chene, 2003; Levine and Oren, 2009 ). In 2004, Vassilev and colleagues reported the first inhibitors of the HDM2-p53 interaction (Vassilev et al., 2004) . These cis-imidazoline analogs, termed Nutlins, are potent and selective small molecules that bind the p53-binding pocket of HDM2 and activate p53 in cancer cells. In recent years, additional HDM2 inhibitors have been developed including MK-8242, a small molecule from Merck & Co., Inc., which has shown promise in phase 1 clinical trials (Ravandi et al., 2016; Tisato et al., 2017; Wagner et al., 2017) .
Although p53 has been shown to regulate the cell cycle, senescence, and apoptosis, an increasing body of work suggests that p53 can also mediate autophagy. In response to cellular stress, nuclear p53 can promote autophagy by transcriptionally activating target genes involved in the process, including DNA damage-regulated autophagy modulator 1 (DRAM1) (Crighton et al., 2006) and Sestrin 1/2 (SESN1 and SESN2) (Budanov et al., 2002) . In contrast, cytoplasmic p53 may inhibit autophagy in a cell-cycle-dependent manner (Tasdemir et al., 2008b (Tasdemir et al., , 2008c . In this study, we demonstrate that MK-8242 treatment stabilizes and activates p53 transcriptional activity leading to robust autophagy induction. We further show that wellknown autophagy kinase Unc-51-like kinase 1 (ULK1), and lesser-known kinase myotonic dystrophy protein kinase-like alpha (MRCKa, encoded by CDC42BPA), are each required for p53-dependent autophagy. We further demonstrate that the regulation of autophagy by p53 does not involve ROCK1/ROCK2, and MRCKa regulation of autophagy is DFCP1 (encoded by ZFYVE1) independent, suggesting that MRCKa may regulate autophagosome maturation or turnover.
RESULTS

MK-8242 Stabilizes and Activates p53
To directly compare the cellular potency of MK-8242 to Nutlin-3a, we treated the osteosarcoma cell line U2OS and measured p21 and p53 protein levels by immunoblotting. Nutlin-3a increased p53 and p21 protein expression at 10 mM, whereas MK-8242 increased p53 and p21 at 1.0 mM concentration ( Figures  1A and S1 ). To confirm p21 protein induction was due to p53 stabilization and a subsequent increase in p53 nuclear activity, we measured nuclear p53 bound to double-stranded DNA containing a p53 response element. After 24 h of treatment, nuclear extracts from 1 mM MK-8242-treated cells showed a significant increase in DNA-binding activity when compared with vehicle control-treated samples (Figure 1B) . The same result was observed with 10 mM Nutlin-3a treatment, a 10-fold higher concentration. Furthermore, an increase in DNA-binding activity was detected within 6 h of MK-8242 treatment and maintained at 24 h ( Figure 1C ). To confirm p53 was acting on transcriptional targets within the nucleus, we measured the expression of well-known genes related to p53 signaling using RT-PCR. MK-8242 treatment increased the expression of p53 target genes CDKN1A (p21) (el-Deiry et al., 1993; el-Deiry et al., 1995) , BAX (Miyashita and Reed, 1995; Pierzchalski et al., 1997; Thornborrow et al., 2002) , GADD45A (Kastan et al., 1992) , MDM2 (Juven et al., 1993; Wu et al., 1993) , and TNFRSF10B (DR5) (Liu et al., 2004; Takimoto and El-Deiry, 2000) , an effect that was dampened by p53 knockdown (Table S1 ). Moreover, 1 mM MK-8242 when compared with 10 mM Nutlin-3a increased the expression of several genes known to promote autophagy, including DRAM1 (Crighton et al., 2006 ), SESN2 (Budanov et al., 2002 , ATG4A (Fitzwalter et al., 2018; Kenzelmann Broz et al., 2013; Mrakovcic and Frohlich, 2018; van der Vos et al., 2012), and FOXO3A (Fitzwalter et al., 2018; Kenzelmann Broz et al., 2013; Mrakovcic and Frohlich, 2018; van der Vos et al., 2012) , which were similarly decreased with p53 knockdown (Table S2) . Together, these results illustrate that MK-8242 stabilizes p53 and activates signaling at a 10-fold lower concentration than Nutlin-3a.
A B C Figure 1 . MK-8242 Stabilizes and Activates p53 (A) U2OS cells were treated with HDM2 inhibitors MK-8242 or Nutlin-3a (0, 0.1, 1, 10, and 20 mM) for 24 h and probed for p53, p21, and b-actin. See also Figure S1 . (B) U2OS cells were treated with MK-8242 (1 or 10 mM) or Nutlin-3a (10 mM) for 24 h, nuclear fraction lysates collected, and p53 DNA-binding activity assessed. Bars represent the mean of three biological replicates, and error bars represent standard error of the mean (SEM). One-way ANOVA, Tukey multiple comparison test: *p < 0.05, **p < 0.01. See also Tables S1 and S2. (C) U2OS cells were treated with MK-8242 (1 mM) for the indicated times, and nuclear fraction lysates were collected and probed as in (B). Bars represent the mean of three biological replicates, and error bars represent SEM. One-way ANOVA, Tukey multiple comparison test: *p < 0.05.
MK-8242 Induces p53-Dependent Autophagy
To determine whether HDM2 inhibition induces autophagy, we used immunoblot analysis and immunofluorescence microscopy to measure microtubule-associated protein 1 light chain 3B (MAP1LC3B; hereafter LC3-II), a protein that associates with autophagic vesicles (AVs) and degrades in lysosomes along with cytosolic cargo. We measure autophagic flux from lysosome-mediated LC3-II turnover. The autophagy field typically measures LC3-II turnover experimentally as LC3-II accumulation in response to treatment with the proton pump inhibitor, bafilomycin A1 (BafA1), which prevents lysosomal degradation (Klionsky et al., 2016; Yamamoto et al., 1998) . Autophagic flux increased after 24 h of MK-8242 and Nutlin-3a treatment (Figures 2A and 2B ). Furthermore, we observed a significant accumulation of EGFP-LC3B-labeled AVs in MK-8242-treated cells when compared with vehicle control (Figures 2C and 2D ). The autophagy induction by HDM2 inhibition could be a direct result of drug activity or a secondary effect related to a general cellular stress response.
To delineate this, we tested whether MK-8242-induced autophagy required p53 by measuring LC3-II turnover in cells transfected with TP53 or non-targeting control small interfering RNAs (siRNAs). In control siRNA-transfected cells, MK-8242 stabilized p53, leading to p21 (CDKN1A) induction, and as expected this induction was not affected by BafA1 treatment ( Figure 2E ). TP53 knockdown prevented MK-8242-induced stabilization of p53 and p21 induction, as expected, and significantly dampened MK-8242-induced autophagic flux ( Figures 2E and S2 ), thus providing evidence that MK-8242-induced autophagy is p53 dependent.
ULK1 and MRCKa Kinases Mediate p53-Induced Autophagy
Autophagy promotes cell survival and tumor progression in certain contexts; therefore we aimed to identify mediators of p53-induced autophagy. To this end, we completed a confocal microscopy-based siRNA screen of human kinases as well as additional proteins with known roles in autophagy. We transfected cells with siRNAs for 24 h, treated with MK-8242 for 24 h, and treated with BafA1 for the final hour before fixing the cells for microscopy. We quantified EGFP-LC3B-positive AVs and cell counts from confocal images (Figure 3A and Table S3 ). siRNAs were sorted by standard deviations (SD) from plate-normalized means, and we analyzed the 50 lowest-scoring siRNAs (i.e., most negative SD from the mean) in a secondary screen in triplicate (blue bars in Figure 3A ). The siRNAs that significantly decreased AVs in this rescreen included TP53, consistent with the p53 dependency observed in Figure 2E , and ULK1, a serine-threonine kinase well known for its essential role in autophagy induction ( Figure 3B ). Interestingly, knockdown of MRCKa (CDC42BPA) also significantly decreased MK-8242-induced AV accumulation. We confirmed the loss of this autophagy phenotype caused by ULK1 and MRCKa knockdown with four independent siRNA sequences ( Figure 3C ), and the confocal images ( Figure 3D ) support the autophagy inhibition data ( Figure 3B) . 
MRCKa Knockdown Does Not Suppress MTORC1-Mediated Autophagy
The nutrient-sensing kinase, mammalian target of rapamycin complex 1 (mTORC1) regulates autophagy (Saxton and Sabatini, 2017) . In nutrient-replete conditions, mTORC1 inhibits autophagy induction at the ULK complex (Kim et al., 2011) . This autophagy inhibition is relieved upon nutrient starvation or mTORC1 inhibition. Next, we wanted to determine whether MRCKa plays a role in mTORC1-regulated autophagy, in addition to its role in p53-mediated autophagy. To examine whether MRCKa knockdown suppressed mTORC1-dependent autophagy, we measured LC3B-positive AVs in rapamycin-treated cells. ULK1 knockdown significantly decreased rapamycin-induced LC3 turnover, as expected, whereas MRCKa knockdown had minimal to no effect ( Figure 4A ). To confirm these results, we measured endogenous LC3-II turnover by immunoblot analysis. We treated cells with rapamycin and transfected with siRNAs targeting MRCKa, ULK1, and non-targeting control in the presence or absence of BafA1. Unlike ULK1, MRCKa knockdown did not reduce BafA1-induced LC3-II accumulation in response to rapamycin treatment (Figures 4B and 4C) . These results suggest that MRCKa is selectively involved in the regulation of p53-dependent autophagy.
ROCK1/2 Does Not Mediate MK-8242-Induced Autophagy
Rho-associated protein kinase 1 and 2 (ROCK1 and ROCK2) are AGC kinase subfamily members closely related to MRCKa, and these kinases share downstream substrates, for instance, MLC2 (MYL9), MYPT1 (PPP1R12A), and LIMK1 (Kale et al., 2015) . Although neither ROCK isoform emerged as a hit in our screen, these proteins have been shown to affect autophagy in certain conditions (Gurkar et al., 2013; Iorio et al., 2010; Mleczak et al., 2013) . Accordingly, we wanted to investigate any potential role that they may play in p53-induced autophagy given their similar homology and function to MRCKa. To test this, we measured BafA1-induced LC3B accumulation by fluorescent microscopy and endogenous immunoblotting following siRNA-mediated gene knockdown in U2OS cells treated with MK-8242. To rule out compensatory effects between ROCK isoforms, we targeted both simultaneously by pooling ROCK1 and ROCK2 siRNAs (Riento and Ridley, 2003) . We similarly knocked down both MRCKa and its related isoform, MRCKb, for completeness. In these experiments, we found that dual ROCK1/ROCK2 knockdown did not significantly reduce BafA1-induced LC3-II accumulation during MK-8242 treatment, in contrast to the knockdown of MRCKa/ b ( Figure S3 ). To further investigate ROCK1/ROCK2 and MRCKa inhibition pharmacologically, we treated cells with the ROCK inhibitor Y-27632 (Uehata et al., 1997) or the MRCK inhibitor BDP-5290 . Similar to knockdown, concurrent treatment with MK-8242 and either 1 mM or 10 mM Y-27632 did not alter LC3-II turnover ( Figure S4A ), whereas treatment with the MRCK inhibitor BDP-5290 decreased LC3-II turnover in a dose-dependent manner ( Figure S4B ). These data suggest that specifically targeting MRCKa may be sufficient to disrupt p53-dependent autophagy induction by HDM2 inhibitors. 
MRCKa Mediates Autophagosome Formation
MRCKa is a mediator of p53-dependent autophagy. To elucidate the role of MRCKa in the nucleation and completion stages of autophagy, we measured exogenous markers for nucleation (i.e., DFCP1) and completion (i.e., LC3B) in the context of HDM2 inhibition. We stably expressed the omegasome marker, EGFP-DFCP1, in U2OS cells and monitored DFCP1-positive puncta by fluorescent microscopy (Martin et al., 2018) . MK-8242 treatment significantly increased DFCP1 puncta (Figures 5A and 5B), confirming that HDM2 inhibition activated p53-induced autophagy. However, MRCKa knockdown failed to affect DFCP1 puncta levels ( Figures 5A and 5B). To verify the effects of MRCKa knockdown in this set of experiments, on the completion stage of autophagy, we again treated EGFP-LC3B-expressing U2OS cells with MK-8242 and either non-targeting control or MRCKa siRNAs. Indeed, MRCKa knockdown significantly decreased LC3B turnover in response to MK-8242 treatment ( Figures 5C and 5D ). These results suggest that MRCKa is not required for the recruitment and formation of DFCP1-positive structures at the omegasome, but may regulate autophagosome maturation or turnover.
DISCUSSION
Stress signals, including oncogenic activation and DNA damage, activate p53 as a transcription factor, which regulates a large number of target genes critical in cell cycle arrest, senescence, apoptosis, and more recently autophagy. The p53 protein has been reported to have a dual function in autophagy depending on its subcellular localization (Maiuri et al., 2010; Tasdemir et al., 2008a) . In this study, we used an HDM2 inhibitor, MK-8242, to uncover additional answers that link p53 to autophagy induction. We first confirmed that MK-8242 is a potent HDM2 inhibitor and induces p53 stabilization, 10-fold over the established HDM2 inhibitor Nutlin-3a. In fact, HDM2 inhibitors using a piperidine scaffold, such as MK-8242, have demonstrated increased potency and bioavailability over original HDM2 inhibitors (Bogen et al., 2016; Pan et al., 2014) . We also observed increased gene expression of several autophagy-related p53 target genes, including DRAM1, SESN2, ATG4A, and FOXO3A (Table S2) earlier work supports our results suggesting that autophagy induction is dependent on p53 transcriptional activity (Kenzelmann Broz et al., 2013) .
In a report 10 years ago, Tasdemir and colleagues concluded that loss or inhibition of p53 induces autophagy and used p53 mutations in either the nuclear export signal or nuclear localization sequence to conclude that cytoplasmic p53 specifically inhibits autophagy (Tasdemir et al., 2008a) . In contrast, our data support the role of nuclear p53 robustly inducing autophagy. Tasdemir and colleagues used several different approaches to inhibit p53, including chemical inhibition (pifithrin-a), p53 knockout cells, and p53 knockdown using siRNAs. Conversely, we used HDM2 chemical inhibition to stabilize and activate p53 and p53 knockdown using siRNAs to inhibit p53. Many compounds are known to induce autophagy as a nonspecific or specific endoplasmic reticulum stress response. Moreover, pifithrin-a blocks p53 transcriptional activity, and also other transcription factors and target genes essential for cellular homeostasis, making any conclusions from this compound difficult owing to its lack of specificity (Sohn et al., 2009; Walton et al., 2005) . Based on data presented here, we can conclude that HDM2 inhibitors stabilize and activate p53 leading to robust autophagy induction.
Our results also support prior studies that concluded that nuclear p53 can promote autophagy by transcriptionally activating target genes involved in the process, DRAM1 ( , 2012) . In a landmark publication, Amaravadi and colleagues using a Myc-induced model of lymphoma inhibited autophagy to enhance cell death (Amaravadi et al., 2007) . In this Myc-induced model, they also examined p53 and concluded that nuclear p53 promoted apoptotic cell death, while the surviving cells were undergoing autophagy. After autophagy inhibition tumor regression occurred, suggesting that p53-induced autophagy contributes to tumor cell survival.
Our kinome siRNA screen to identify mediators of p53-dependent autophagy highlighted the canonical autophagy regulator, ULK1. Interestingly, our findings also revealed MRCKa as a positive regulator of autophagy. MRCKa is a CDC42 effector protein (Heikkila et al., 2011) that initiates phosphorylation events on MLC2 (Nakamura et al., 2000), MYPT1, MYPT3 (PPP1R16A) (Tan et al., 2001; Yong et al., 2006) , and LIMK1 (Sumi et al., 2001) . MRCKa also cooperates with LRAP25 (FAM89B) and LIMK1 to reorganize F-actin for cell protrusion and migration at the trailing end of the cell (Lee et al., 2014) . Recent research on MRCK has been closely tied to ROCK1/ ROCK2, given shared homology and substrates (Wilkinson et al., 2005; Zhao and Manser, 2015) . However, MRCKa activation by PDK1 (PDPK1) has been associated with lamellipodia retraction (Gagliardi et al., 2014) and acts independently of ROCK to regulate lamellar actomyosin dynamics (Tan et al., 2008) . Our data also support a role for MRCKa in actin dynamics, as cells treated with MRCKa siRNAs and stained for F-actin (phalloidin) display an actin network with well-aligned stress fibers ( Figure S5) . Moreover, the initiation and trafficking of autophagosomes may depend on actin cytoskeleton signaling proteins (Kast and Dominguez, 2017) . Branched actin polymerization is essential for nucleation (Kast and Dominguez, 2015; Kast et al., 2015) , whereas actomyosin dynamics is essential for elongation and transport of autophagosomes (Brandstaetter et al., 2014; Cordonnier et al., 2001; Kast and Dominguez, 2017; Miserey-Lenkei et al., 2010; Tang et al., 2011) . Here, for the first time, we implicate the actin-myosin regulatory kinase MRCKa not in the assembly of the omegasome (DFCP1), but in autophagosome (LC3-II) formation, thus providing further evidence for the role of actin dynamics in autophagosome structure and expansion (Mi et al., 2015) .
MRCKa-targeted inhibition of p53-induced autophagy could be beneficial in many applications related to cancer. Recently, MRCK inhibitors, BDP-8900 and BDP-9066, have been reported (Unbekandt et al., 2018) . MRCK expression is elevated in several types of cancer (Unbekandt and Olson, 2014) and associated with poor prognosis in breast cancer (van 't Veer et al., 2002) . Additional research with these inhibitors will be required to determine the actual benefit and timing of MRCK and HDM2 inhibitor adjuvant treatment. As others have reported an increase in apoptosis upon Nutlin-3a treatment with autophagy inhibition, future work must determine if inhibiting p53-induced autophagy through MRCKa will sensitize tumor cells to HDM2 inhibition and induce apoptosis (Davaadelger et al., 2017; Sullivan et al., 2015) .
Limitations of the Study
We have uncovered a previously unrecognized role for MRCKa in mediating p53-driven autophagy; however, the precise mechanism by which this protein functions in autophagy remains to be determined. Moreover, our study suggests that MRCKa can be targeted to suppress autophagy induced by HDM2 inhibitors; however, the effects of such a combination strategy in vivo and on tumor growth will be the focus of future work.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
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Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2019.04.023.
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